ZEBRA (BamHi Z Epstein-Barr virus replication activator), the Epstein-Barr virus (EBV) protein encoded by the viral BZLF1 gene, is necessary and sufficient to initiate the complete viral lytic cascade (16, 17, 22, 33, 61) . Since ZEBRA is an essential contributor to the viral life cycle, it plays an indispensable role in viral pathogenesis by permitting the virus to spread between cells and among individuals. ZEBRA is a potential target for antiviral and oncolytic strategies. ZEBRA activates viral replication, which ultimately leads to cell death; therefore, overexpression of the protein may be used to destroy EBV-containing tumor cells in which the virus was originally latent (23, 35) .
ZEBRA protein exerts many functions in the viral life cycle. It is a transcriptional activator of early viral lytic cycle genes (15, 16, 42, 55) . One of ZEBRA's primary targets is the promoter of the BRLF1 gene, encoding the R transactivator (Rta) (36, 40, 44, 60) . Rta and ZEBRA synergistically activate downstream genes, such as the BMRF1 gene, encoding the viral DNA polymerase processivity factor, a protein originally detected by immunofluorescence as diffuse early antigen (EA-D) (51) . At early times in the viral life cycle, ZEBRA also acts as a temporally regulated repressor of the capacity of Rta to activate a late gene, BLRF2, that encodes a tegument protein (19, 54) . ZEBRA binds to the origin of lytic DNA replication (oriLyt), where it functions as an essential replication protein (24, 57, 58) . ZEBRA interacts with other viral replication proteins, including the EBV-encoded helicase-primase complex (BBLF2/3, BBLF4, and BSLF1), the viral DNA polymerase (BALF5), and the DNA polymerase processivity factor (BMRF1) (5, 30, 69) .
ZEBRA also impinges on many different cellular pathways. When expressed in the absence of other EBV genes, ZEBRA modulates the cell cycle, promoting G 1 cell cycle arrest (10, 11, 66) . ZEBRA influences the host immune response by inhibiting the actions of gamma interferon, NF-B p65, and tumor necrosis factor alpha (46) (47) (48) . ZEBRA influences signaling pathways by activating c-Jun N-terminal and p38 mitogenactivated protein kinases (1) .
ZEBRA is a member of a large family of transcription fac-tors that are conserved from Saccharomyces cerevisiae to humans (21, 64) . Other members of this family include GCN4, the activator of histidine biosynthesis in S. cerevisiae, and c-Fos and c-Jun, mammalian early-response proteins. Members of this family of proteins possess a generally modular structure with an N-terminal transcriptional activation domain, a DNA recognition domain enriched in basic amino acids, and a Cterminal dimerization domain, such as a "leucine zipper" or other hydrophobic coiled-coil structure (25, 38, 41) . The DNA recognition region of these "basic zipper" (b-zip) proteins obey the consensus: BB-BN-AA-B-R-BB (where B is a basic amino acid, N is any amino acid, A is alanine, and R is arginine) (34) . ZEBRA generally conforms to this organizational plan: the 245-amino-acid (aa) protein contains a transcriptional activation domain (aa 1 to 166), a basic domain (aa 178 to 194), and a dimerization domain (aa 195 to 225) (13) . ZEBRA aa 167 to 177 constitute a "regulatory domain" in which phosphorylation of S173 by casein kinase 2 (CK2) modulates DNA binding, transcriptional repression, and lytic viral DNA replication (19, 37) . A functionally poorly characterized accessory activation domain is found in the C terminus, aa 230 to 245 (26, 45) . Secondary-structure algorithms predict a long continuous alpha helix to exist between aa 174 and 205; this is flanked by two short alpha helixes [aa 168 to 171 and aa 212 to 221]. Such a long alpha helix encompassing the basic and dimerization domains is characteristic of the b-zip proteins whose structures have been solved (20, 32) . The recently solved crystal structure of ZEBRA bound to an AP-1 site shows that ZEBRA forms a continuous alpha helix between amino acids 175 and 221 (50) .
The basic domain of ZEBRA and other b-zip proteins is of obvious interest, since this region of the protein contains amino acid residues which make contact with specific DNA sequences (13, 43, 63) . ZEBRA recognizes a heptad sequence with the consensus 5Ј-T(T/G)(T/A)G(T/C)(G/C/A)A-3Ј (39) . These ZEBRA response elements (ZREs) are heterogenous; they vary in their affinities for binding ZEBRA and in their responses to ZEBRA in transcriptional activation assays (39) . The binding site for AP-1 factors, such as c-Fos, is included in the ZRE consensus, and ZEBRA is competent to bind an AP-1 site, TGAGTCA (21, 43) . However, a chimeric mutant protein in which ZEBRA's basic domain has been replaced with that of c-Fos can bind to an AP-1 site but cannot activate the EBV lytic cascade (36) . This finding indicates that specific recognition of ZEBRA response elements is an essential component of the capacity of ZEBRA to disrupt latency. Since c-Fos and c-Jun cannot substitute for this function, recognition of AP-1 sites is not sufficient for lytic cycle activation.
The crystal structure of GCN4 and a c-Fos/c-Jun heterodimer bound to an AP-1 site demonstrated that five amino acids of these b-zip proteins contacted DNA (20, 32) . Four of the five contacting amino acids in c-Fos/c-Jun are identical at the colinear amino acids in ZEBRA, namely, at positions N182, A185, C189, and R190. However, S186 in ZEBRA is colinear with an alanine in GCN4 and c-Fos/c-Jun that contacted DNA. Mutation of S186 in ZEBRA to alanine in the mutant Z(S186A) to mimic the contacting amino acids in cFos/c-Jun eliminated the capacity of ZEBRA to activate the lytic cascade (29) . The Z(S186A) mutant preserved the capacity of ZEBRA to bind DNA in vitro. However, this mutation altered the affinity of ZEBRA for some ZREs. Z(S186A) was deficient in binding to TGAGCGA (ZRE-R or ZRE2) and TGAGCCA (ZIIIA), the two ZREs present in Rp, the promoter of the BRLF1 gene, and enhanced in binding to an AP-1 site, TGAGTCA (28) . A major defect in the Z(S186A) mutant, namely, loss of its capacity to activate transcription of the BRLF1 gene, could be attributed to a decreased affinity of the mutant for the two ZREs, ZRE-R and ZIIIA, located in Rp (28) . Overexpression of Rta could rescue the ability of the Z(S186A) mutant to activate the expression of EA-D (3, 28) . The importance of position S186 in the ZEBRA basic domain in the biologic properties of the protein became further evident with the demonstration that nearly all amino acid substitutions at position S186 abrogated the capacity of ZEBRA to drive the EBV lytic cycle (28) . The single exception was Z(S186T), whose mutation diminished, but did not destroy, ZEBRA's ability to activate the lytic cycle. Z(S186A), however, was the only S186 site mutant that could be reproducibly complemented by concomitant overexpression of Rta (28) .
The defect responsible for the dramatic phenotype of the Z(S186A) mutant has been investigated intensely. The Z(S186) mutation is located in a consensus site for protein kinase C (PKC). The ZEBRA protein can be phosphorylated in vitro by PKC at S186, and Z(S186) may be phosphorylated in cells in which PKC is activated (6) . However, ZEBRA is competent to activate the lytic cycle in cells in which PKC is not activated (18) . Moreover, in cells where ZEBRA is fully competent to activate the lytic cycle, the in vivo phosphopeptide maps of the wild type and the Z(S186A) mutant are identical; therefore, it is unlikely that lack of phosphorylation by PKC explains the inability of Z(S186A) to disrupt latency (18) . In addition to its lower binding affinity than that of the wild type for the two ZREs in Rp, the Z(S186A) mutant is impaired in its ability to bind to methylated DNA (7) . A methylated CpG is embedded in the ZRE-R site in Rp. Z(S186A), unlike wild-type ZEBRA, was found to be deficient in binding to methylated DNA in Rp (7). However, defects in interactions of ZEBRA protein with DNA at Rp are unlikely to explain the entire phenotype of the Z(S186A) mutant, since even in the presence of exogenously expressed Rta, the mutant is unable to activate late genes (3) .
Observations about the behavior of the Z(S186A) mutant stimulated the current study. These earlier experiments provoked a number of questions. Was position S186 unique among residues in the basic domain in its importance for EBV lytic cycle activation? Which residues in the ZEBRA basic domain were needed for binding to DNA? Could DNA binding-defective mutants activate the lytic cycle? The last question was stimulated by earlier experiments showing that three ZEBRA mutants defective at binding DNA were able to autostimulate the promoter of the BZLF1 gene linked to a reporter (27) .
To address these questions, we carried out extensive mutagenesis of residues in the basic DNA recognition domain of ZEBRA. We investigated whether these mutants affected the capacity of the protein to bind DNA in vitro and to activate early and late lytic viral gene expression in latently infected cells. Not only did we find that the basic domain influences DNA binding, which is obligatory for the disruption of latency, we demonstrated that individual residues in the basic domain complex, measured by densitometry, was obtained. The ZEBRA/ZIIIB complex was corrected (Z corr ) for intensity at the same position when a cell extract transfected with CMV vector alone was incubated with the probe. The percentage of the probe shifted was equal to Z corr divided by the total intensity. The binding of each mutant was calculated relative to binding by wild-type ZEBRA in the same experiment. The binding of DNA binding-defective mutants was Ͻ5% of that of the wild type; that of weakly binding mutants was 5% to 37% of that of the wild type. The percentages of the probe shifted in DNA bindingcompetent mutants were 67% to Ͼ100% of that of the wild type.
Mapping the epitope of BZ1 MAb by blocking EMSA supershifting. Five peptides, corresponding to ZEBRA amino acids 199 to 213, 214 to 230, 231 to 245, 221 to 236, and 206 to 220, were synthesized by the Keck Foundation Biotechnology Resource Center. The peptides were diluted to 10 mg/ml in H 2 O or 50% dimethyl sulfoxide (DMSO). DNA binding reaction mixtures for EMSA, containing 10 g protein extract from CMV/gZ-transfected HKB5/B5 cells and the ZIIIB probe, were incubated for 20 min at room temperature. The BZ1 MAb (3 l of BZ-l MAb from DAKO or 1 l of BZ-l MAb from L. Young) was mixed with 1 l of peptide or 1 l 50% DSMO before being added to the mixture of protein and probe. The reaction mixtures were held at room temperature for 20 min before they were loaded on a gel that was electrophoresed at 225 V.
Mapping the epitope of BZ1 MAb by ELISA. Six replicate wells of a Nunc 96-well flat-bottom Maxisorp immunoplate were coated with 20 g of each peptide in coating buffer (CB; 0.1 M carbonate buffer, pH 9.5). Six wells were coated with 100 l HKB5/B5 cell extract transfected with CMV/gZ at 5 g/well diluted in CB. Six wells were coated with 100 l 50% DMSO diluted 1:50 in CB. Six wells received 100 l CB only. The plate, covered in Saran wrap, was held at 4°C overnight. The wells were washed three times with 1ϫ PBS with 0.05% Tween 20 using a manual plate washer. Three hundred microliters of blocking buffer (BB; 10% heat-inactivated fetal bovine serum in 1ϫ PBS passed through a 22-m filter) was added to each well. The plates were held at room temperature for 3 h. The wells were washed three times with PBS-Tween 20. Duplicate wells for each peptide, cell extract, and blanks received 100 l of BZ1 MAb diluted 1:50 or 1:100 or BB only. The plates were wrapped and held at 4°C overnight. The wells were washed three times with PBS-Tween 20. One hundred microliters of peroxidase-conjugated AffiniPure F(abЈ) 2 fragment Donkey antimouse IgG heavy and light chains (Jackson ImmunoResearch), 3 l diluted in 10 l BB, was added to each well. The plate was incubated at room temperature for 20 min. The wells were washed 10 times with PBS-Tween 20. Fifty microliters of the tetramethylbenzidine substrate (BD Pharmingen) was added to each well. A blue color was allowed to develop in immunoreactive wells for 5 min, after which 50 l stop solution (2 N sulfuric acid) was added to each well. The plate was read on an enzyme-linked immunosorbent assay (ELISA) reader (Coulter) at 450 nm.
Transfection and immunoblotting for detection of EBV lytic cycle proteins. Raji cells (10 7 ) were transfected by electroporation at 0.25 V with 20 g CsClpurified DNA using a Bio-Rad gene pulser. After 48 h incubation at 37°C, Raji cells were spun in a clinical centrifuge and suspended in sodium dodecyl sulfate (SDS) sample buffer (0.2 M Tris, pH 6.8, 0.1% SDS, 30% glycerol, 15% ␤-mercaptoethanol) at 10 6 cells per 20 l. BZKO cells, plated at 2 ϫ 10 5 cells per well of a six-well plate were 80% confluent in 4 to 5 days. Six micrograms of DNA was transfected into three wells of BZKO cells using 72 g DMRIE-C reagent (Invitrogen) according to the manufacturer's protocol.
After 24 h of incubation at 37°C, BZKO cells were removed from the plastic surface by forceful pipetting, pooled, centrifuged, and resuspended in PBS. The cell suspension was divided into five tubes and spun down. Each cell pellet was flash frozen. To assay for viral proteins, one pellet, containing 2 ϫ 10 6 cells, was resuspended in 40 l SDS sample buffer.
Samples were sonicated for 30 s and heated to 100°C for 5 min. Forty microliters was loaded per lane of a 10% SDS-polyacrylamide gel. After electrophoresis, the proteins were transferred to a nitrocellulose membrane by being electroblotted for 30 min at 15 V using a Bio-Rad Transblot semidry transfer cell. The blots were blocked with 5% nonfat dry milk for 1 h and were incubated for 1 to 2 h with human, rabbit, or murine antibodies to EBV lytic cycle proteins, diluted in 5% nonfat dry milk. The blots were washed twice in Tris saline (TS) (10 mM Tris, pH 7.5, 200 mM NaCl, 5% Tween 20), incubated for 1 to 2 h with secondary antibodies appropriate for the species diluted in 5% nonfat dry milk, and washed twice in TS. To detect immunoreactive bands, blots were incubated with 1 Ci 125 I-protein A (Amersham) in nonfat dry milk for 1 h and washed twice. The blots were exposed overnight with intensifying screens to Kodak XAR-5 film at Ϫ70°C.
Antibodies for immunoblotting. Anti-Rta is a polyclonal rabbit antiserum raised to the 320-aa N-terminal fragment of Rta generated using the pET expression system (Novagen) (53) . Anti-ZEBRA is a polyclonal rabbit antiserum raised to a TrpE-BZLF1 fusion protein (62) . BZ1 is a murine monoclonal antibody to ZEBRA (67) . Anti EA-D is the R3.1 mouse monoclonal antibody to BMRF1 (a gift from G. Pearson) (49) . Anti-LR2 is a polyclonal rabbit antiserum raised to a TrpE-BLRF2 fusion protein. Anti-FR3 is SJ, a human serum that reacts strongly to BFRF3 and also detects EBNA1 (59) .
Assay for solubility of wild-type and mutant ZEBRA proteins. Pellets of transfected BZKO cells were suspended in whole-cell EMSA extract buffer (20 mM HEPES, pH 7.5, 25% glycerol, 1.5 mM MgCl 2 , 0.2 M EDTA, 0.5 mM phenylmethylsulfonyl fluoride, 0.5 mM DTT, 2 g/ml aprotinin) containing different concentrations of NaCl, (0.3 M, 0.4 M, 0.6 M, or 1.0 M NaCl) and were thereafter processed as described for the preparation of cell extracts to be used in EMSA.
One hundred micrograms of protein was mixed with SDS sample buffer and the volume adjusted to 60 l. Before being loaded on an SDS-10% acrylamide gel, the samples were heated at 100°C for 5 min. After electrophoresis, the proteins were transferred to a nitrocellulose membrane by electroblotting and blocked with 5% nonfat milk for 0.5 h to overnight. To detect immunoreactive bands, the blots were incubated for 1 to 2 h with rabbit antiserum to BZLF1 diluted 1:100 in 5% nonfat milk, then washed twice for 10 to 20 min in TS that had been incubated with 1 Ci 125 I-protein A (Amersham) in nonfat milk for 1 h, and washed twice with TS. The blots were exposed overnight with intensifying screens to Kodak XAR-5 film. The solubilities of mutants were compared to that of wild-type ZEBRA protein.
Northern blotting. Samples of 5 ϫ 10 6 to 8 ϫ 10 6 BZKO cells were harvested 48 h after transfection. RNA was prepared with a "QIAshredder" and RNeasy minikits (QIAGEN). Twenty micrograms of RNA was electrophoresed through a 1% agarose-6% formaldehyde gel in 20 mM MOPS (3-[N-morpholino] propanesulfonic acid)-6% formaldehyde buffer. The RNA was transferred to a Hybond Nϩ filter (Amersham). The probe for BRLF1 mRNA was a 680-bp XbaI/XhoI subfragment of EBV BRLF1 contained in the plasmid pRTS/Rta (53). The probe for BZLF1 mRNA was a 301-nucleotide PCR fragment encompassing EBV DNA nucleotides 102927 to 103227. The probe for BMRF1 mRNA was two restriction fragments, 773 bp and 454 bp, excised with EcoRI and XbaI from the plasmid pFLAG-CMV/BMRF1. The control for loading was a probe for the H1 component of RNase P (4). The probes were purified from agarose with a Gene Clean II kit (Q-Biogene) and were radiolabeled with 32 P by the random-primer method (Pharmacia Biotech).
DNA replication assays. BZKO cells (4 ϫ 10 6 to 8 ϫ 10 6 ) isolated 24 to 72 h after transfection, were used to prepare total cellular DNA. The cells were pelleted and suspended in buffer containing 0.2 M Tris, pH 8.5, 0.1 M EDTA, 1 mg/ml pronase, and 1% SDS and incubated at 60°C for 2 h. The sample was cooled on ice, and a one-fifth volume of 5 M potassium acetate was added. The sample was held on ice for 0.5 h. The sample was centrifuged for 15 min at 8,000 rpm in a model SA600 rotor in a Sorvall RC-SB centrifuge at 4°C. The supernatant was treated with RNase at a final concentration of 1 mg/ml for 15 min at room temperature. Two volumes of cold ethanol were added, and the sample was held at Ϫ20°C overnight. The DNA was centrifuged at 10,000 rpm for 20 min at 4C. The DNA pellet was suspended in 500 l of TE buffer (0.01 M Tris, pH 8, 0.001 M EDTA). The DNA concentration was determined by calculating the optical density at 260 nM. Ten micrograms of DNA was digested with 40 units BamHI (New England BioLabs) at 37°C for 3 h. The reaction was stopped by incubation at 60°C for 5 min.
After electrophoresis, DNA was denatured with 0.4 M NaOH and transferred to a Zeta probe GT genomic membrane (Bio-Rad) by Southern's blotting procedure. One probe for Southern blots was made from a subregion of the unique Xho 1.9-kb sequence found adjacent to the terminal repeats in the B95-8 EBV genome (52) . A 336-bp subfragment was isolated from pBR/Xho 1.9 by PCR using the primers 5Ј-CTCACGAGCAGGTGG and 5Ј-CGCAGTCTTAGGTA TCTGG. The other probe was EBV BamHI W.
The PCR product or restriction fragment to be used as a probe was excised from an 0.8% low-melting-point agarose gel and processed with a Gene Clean II kit (Q-Biogene). The excised DNA (4 l) was labeled with [␣-32 P]dCTP using 1 ng of random-primer oligonucleotides (Pharmacia) and 10 units of the Klenow fragment of DNA polymerase (New England Biolabs). The labeled DNA was separated from unincorporated radioactive nucleotides on a G-50 Sephadex spin column. The probe was hybridized to the Zeta probe membrane at 65°C in 6ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate), 0.1% Denhardt's solution, 0.5% SDS, 100 g/ml salmon sperm DNA for at least 16 h. The membrane was washed and exposed to film.
Quantitation of replication of viral DNA by real-time PCR. Real-time PCR was performed in 20 mM Tris-HCl (pH 8.4), 50 mM KCl, and 2.5 mM MgCl 2 with 2 ng of intracellular DNA as the template, 20 mM of each nucleotide, 50 ng of each primer, and 1.25 units of Platinum Taq polymerase (Invitrogen) containing SYBR green (0.25ϫ; Molecular Probes) and 4 mM MgCl 2 . Quantitative real-time PCR was measured with a Smart Cycler (Cepheid). DNA concentration was determined using a standard curve generated from purified plasmid DNA containing Rp, the promoter of the BRLF1 gene. The primers used were 5Ј-TTAGTTAATGCC CCAGCCAGA and 5Ј-CTTTAAAAAGGCCGGCTGAC.
RESULTS
Experimental strategy. A series of 46 individual point mutations were installed into residues in the basic DNA recognition domain of ZEBRA. After they were expressed in mammalian cells, the mutants were compared with wild-type ZEBRA for their capacity to bind DNA in EMSA (Fig. 1) . For the purpose of screening for DNA binding activity, the highestaffinity ZRE, ZIIIB, was used as a probe. Specificity of binding was confirmed by supershift analysis with a BZ1 monoclonal antibody. Explanations for failure to supershift some mutants were sought by investigating the solubility of mutants (Fig. 2 ) and the epitope recognized by BZ1 (Fig. 3) . The mutant ZEBRA proteins were analyzed for their ability to activate viral lytic early gene expression in Raji and BZKO cells (Fig. 4 to 6 ). The ability of Rta to rescue mutants that failed to activate early gene expression was investigated (Fig. 7) . The mutants were also tested for their capacity to activate late protein expression ( Fig. 6 and 8 ). Selected late mutants were studied for the capacity to activate lytic viral DNA replication ( Fig. 9 and 10 ).
Mutant ZEBRA proteins vary in DNA binding activity. and C shows that some mutants bound to the ZIIIB site strongly and that others bound weakly or not at all. Four mutants, those with a A191K, A191V, K192A, or F193A mutation, bound ZIIIB from 70% to 103% as actively as the wild type based on the percentage of probe shifted. These mutants are considered to be DNA binding competent ( Table 1 ). The K181A mutant was moderately impaired in DNA binding and about 37% as active as the wild type. The R183A, A185K, A185V, C189A, and R190A mutants were markedly impaired in DNA binding (Ͻ10% of that of the wild type). In replicate experiments, the R183A, A185V, and C189A mutants showed weak, but detectable, DNA binding activity, whereas the A185K and R190A mutants did not reproducibly bind ZIIIB. In Fig. 1B and D, the same cell extracts used for EMSA were examined for the levels of the mutant ZEBRA proteins by probing an immunoblot with BZ1 MAb. The amounts of ZEBRA protein present in the extracts varied. However, Fig. 1B and D show that mutant ZEBRA proteins, such as the R183A, A185K, A185V, C189A, and R190A proteins, which were markedly deficient in binding to ZIIIB, were present in the cell extracts used for EMSA at levels equivalent to or greater than that of the wild-type ZEBRA protein. Thus, the DNA binding defect was not due to the underexpression or the low solubility of mutant ZEBRA proteins.
Similar experiments screening for DNA binding to ZIIIB were conducted for all 46 individual point mutant proteins with mutations installed into residues of the basic DNA recognition domain of ZEBRA. When assayed by EMSA, 19 mutants did not bind (Ͻ5% of wild-type binding), four mutants bound weakly (5% to 37% of wild-type binding), and 23 mutants were judged to be competent (67% to Ͼ100% of wild-type binding) to bind a ZIIIB site in vitro (Table 1) .
Mutant ZEBRA proteins differ in susceptibility to supershifting by monoclonal antibody BZ1. In the experiments whose results are illustrated in Fig. 1 , a portion of each cell extract was treated with 1 l of BZ1 MAb before EMSA. Wild-type ZEBRA protein was readily recognized by the antibody, as evidenced by an antibody-induced supershift of the ZIIIB site. The DNA binding reactions of two mutants, with A191K and F193A mutations, were also supershifted by BZ1 MAb, whereas the ZEBRA/ZIIIB complex of three mutants, those with the K181A, A191V, and K192A mutations, was resistant to antibody supershifts.
The two mutant proteins, the A191K and F193A proteins, whose DNA binding reaction was supershifted by BZ1 MAb, were present at relatively low levels in the cell extracts, whereas cell extracts that contained relatively high levels of mutant ZEBRA proteins were resistant to supershifting by BZ1. This result suggested that supershifting by BZ1 MAb was sensitive to the amount of ZEBRA protein present in the cell extract. Moreover, the A191K and F193A mutants, which could be supershifted, were wild type in their capacity to activate the EBV lytic cycle, whereas two mutants that could not be supershifted (the K181A and K192A proteins) were defective at activating the lytic cycle (Table 1) .
Mutant ZEBRA proteins differ in their solubilities in NaCl. Cell extracts transfected with ZEBRA mutants were conventionally prepared in 0.42 M NaCl. The data of Fig. 1C and D showed that in such cell extracts, the abundance of the F193A protein, a mutant whose phenotype was similar to that of the wild type, was considerably lower than that of the K192A protein, a mutant that was defective in early gene activation. When total cell extracts prepared in SDS sample buffer were examined by immunoblotting or by immunoprecipitation with BZ1 MAb, the concentration of the K192A and F193A mutants was the same (data not shown). This result suggested that ZEBRA mutants differed in solubility in EMSA buffer. The solubilities of the wild-type ZEBRA protein and two mutants, the K192A and F193A proteins, were compared when transfected BZKO cells were extracted with EMSA buffer containing 0.3 M or 1.0 M NaCl ( Fig. 2A) . Wild-type ZEBRA was relatively insoluble in 0.3 M NaCl; solubility was increased 10-fold in 1.0 M NaCl ( Fig. 2A) . The solubility profile of Z(F193A) was similar to that of the wild-type protein. The solubility of Z(K192A) was maximal in 0.3 M NaCl and did not increase in 1.0 M NaCl. A separate report will describe the solubility characteristics of a large panel of mutant ZEBRA proteins and the correlation of solubility with biologic phenotype (A. El-Guindy, unpublished data).
The amount of ZEBRA proteins in cell extracts affects the capacity to be supershifted by BZ1 MAb. The foregoing data showed that mutant ZEBRA proteins differed in their solubility in cell extracts; moreover, mutants with high solubility (e.g., the K181A, A191V, and K192A proteins) were refractory to supershifts, whereas mutants of lower solubility (e.g., the A191K and F193A proteins) reacted with BZ1 MAb in the supershift assay. These results suggested that supershifts were very sensitive to the amount of ZEBRA protein present in the cell extracts used for EMSA. To examine this hypothesis, extracts from cells transfected with a wild-type BZLF1 gene were mixed in various proportions with extracts of cells transfected with a cytomegalovirus immediate early expression vector lacking an insert. These extracts were incubated with the ZIIIB probe in the absence and presence of BZ1 MAb (Fig. 2B) . Twenty micrograms of cell extract programmed to express ZEBRA protein bound the ZIIIB duplex oligonucleotide strongly, but the DNA-protein complex could not be supershifted. At lower ZEBRA concentrations, the bound complex was reduced in intensity by the antibody, but there was no clearly supershifted complex. However, extracts containing the smallest amounts of ZEBRA protein were supershifted efficiently. An experiment using serial dilutions of cell extracts showed that the BZ1 MAb could readily detect on an immunoblot amounts of ZEBRA protein, present in 25 g to 100 g of cell extract, that could not be detected by EMSA supershifting (Fig. 2C) . Thus, one factor responsible for the differences in the behaviors of mutants in ZEBRA's basic domain in the EMSA supershift assay was the solubility of the mutant protein, reflected in the amounts of ZEBRA protein present in the cell extract.
Mapping the epitope recognized by the BZ1 MAb. Although variations in the solubility of mutant ZEBRA proteins could account for differences in recognition by the BZ1 MAb in EMSA supershift assays, another hypothesis was that mutations in the basic domain led to alterations in the conformation of ZEBRA which masked the epitope recognized by the antibody. Therefore, the epitope of BZ1 MAb was mapped by two (Fig. 3A) and ELISA (Fig. 3B) . Published data based on immunoprecipitation of in vitro-translated subregions of ZEBRA protein indicated that the BZ1 epitope was located in the C-terminal portion of ZEBRA, containing the dimerization domain (67) . To confirm and refine this conclusion, a set of peptides, each 15 to 17 aa in length, encompassing aa 199 to 245 of ZEBRA were preincubated with BZ1 MAb1 before EMSA supershift assays were conducted. A single peptide, Z (aa 214 to 230), inhibited the supershift (Fig. 3A) . The same peptide was reactive with BZ1 MAb in an ELISA assay (Fig. 3B) . The only other peptide that reacted by ELISA (to a level slightly above the background) contained aa 206 to 220; this peptide overlapped the peptide containing amino acids 214 to 230. However, peptide Z (aa 206 to 220) did not inhibit the supershift by BZ1 MAb (data not shown). Mutants defective at activating Rta expression. Three different classes of mutants were defective at activating the expression of Rta. First, mutants that were unable to bind DNA did not activate Rta protein (Fig. 4) . Second, mutants that bound weakly to DNA, such as the K181A, R183A, and C189A proteins, also weakly activated the expression of Rta protein and Rta mRNA (Fig. 5) . Third, with one exception, namely, Z(S186T), proteins with mutations at position S186 were unable to activate the expression of Rta protein (Fig. 4C and D) or BRLF1 mRNA (Fig. 5 and data not shown) . Proteins with substitutions at position S186 that were competent to bind DNA and those that were impaired in binding DNA all failed to activate Rta. All three classes of mutants were equally expressed, as judged by immunoblotting of total cell extracts (Fig. 4) .
Mutants that fail to activate EA-D. Among the ZEBRA mutants that were competent to bind DNA were two distinct groups with a defect in activating the expression of early antigen (Fig. 6 ). The first group consisted of all mutants described above, such as those with the K181A, R183A, C189A, A185V, and S186 substitutions, that were impaired in the activation of expression of the BRLF1 mRNA or Rta protein (Fig. 4 and 5) . The second group consisted of three mutants, the R179A, S186T, and K192A proteins, which were competent to activate BRLF1 mRNA (Fig. 5 ) and Rta protein (Fig. 4 and 7) but nonetheless failed to activate EA-D to wild-type levels.
We determined whether concomitant overexpression of EBV Rta protein could rescue the capacity of seven different ZEBRA mutants to activate the expression of early antigen ( Fig. 7 ; Table 2 ). As reported previously from experiments conducted with Raji cells, Z(S186A) could be rescued by the cotransfection of Rta in BZKO cells (Fig. 7B) (2, 28) . The ability of the mutants Z(K181A) and Z(K192A) to activate the expression of EA-D was also rescued by coexpression of Rta (Fig. 7B) . However, the R183A, C189A, and R179A mutants could not be rescued by Rta. Among the mutants that failed to be rescued were two, the R183A and C189A mutants, that were impaired in binding DNA and activated Rta only weakly and one, the R179A mutant, that was competent to activate BRLF1 mRNA (Fig. 5 ) and Rta protein (Fig. 7) . Both the R179A and R183A mutants appeared to suppress the expression of cotransfected Rta (Fig. 7 B and D) .
Point mutants that were defective at activating late gene expression. During the survey of mutants for their ability to activate EA-D (Fig. 6) , the Y180E mutant was noted to activate the expression of EA-D at wild-type levels but was markedly deficient in activation of the small viral capsid antigen (sVCA) protein encoded by the BFRF3 late gene (Fig. 6B,  lane 2) . The Y180A, R187K, and K188A mutants were also reproducibly weaker than wild-type ZEBRA in activating sVCA though equivalent to wild-type ZEBRA in the activation of Rta and EA-D (Fig. 6 and 8 ). For comparison, the K88R mutant, with a conservative mutation, activated both early and late proteins at levels comparable to those of the wild type (Fig. 8) .
Seven mutants with substitutions at positions Y180, R887, K188, F193, and K194 that were specifically defective at activating late genes were encountered (Table 1) . Of these, the Y180E and K188A proteins demonstrated the most profound defect; the others could weakly induce BFRF3 protein or BLRF2 protein, the two components of the p21 late antigen complex (59; data not shown). Five of the seven late mutants were deficient at activation of both the BFRF3 and BLRF2 proteins (data not shown). However, R187A could strongly activate BFRF3 (Fig. 6D lane 2) but could only weakly activate BLFR2 (not shown). The R187K mutant weakly activated BFRF3 (Fig. 6D, lane 3 ) but failed to activate BLFR2 (not shown). Three late mutants exhibit a specific defect in activating lytic EBV replication. In the experiment illustrated in Fig. 8 , one aliquot of BZKO cells was examined for early and late viral protein expression and another aliquot from the same transfection was studied for the abundance of EBV DNA by quantitative PCR. Transfection of wild-type ZEBRA induced a 22-fold increase in viral DNA. The amount of EBV DNA measured after the transfection of three late mutants, the K188A, Y180E, and Y180A proteins, was 11% to 15% of wild-type levels.
The capacity of mutant Z(Y180E) to stimulate lytic viral DNA replication was compared with that of the wild type in a dose-response experiment (Fig. 9 ). One to 6 g of the wildtype BZLF1 or Z(Y180E) expression vector was transfected into BZKO cells. The Z(Y180E) mutant activated levels of Rta protein comparable to those of the wild type and levels of EA-D protein nearly equivalent to those of the wild type (Fig.  9A ) but, unlike wild-type protein, did not activate detectable BFRF3 protein expression. Following transfection of 1 to 6 g of wild-type BZLF1, there was stimulation of lytic viral DNA replication, as is evident from the appearance of a ladder of restriction fragments containing various numbers of EBV genome terminal repeats (Fig. 9B) . Plasmid expressing wild-type BZLF1 also induced a notable amplification of viral DNA, as indicated by the appearance of a strong signal on a Southern blot probed with EBV BamHI W, the large internal repeat (Fig. 9C) . Parallel experiments carried out with the Z(Y180E) plasmid failed to detect lytic viral DNA replication or amplification of the viral genome ( Fig. 9B and C, lanes 5 to 8) . The Southern blot illustrated in Fig. 9C demonstrated that equivalent amounts of plasmid containing the Z(Y180E) mutant or wild-type BZLF1 were transfected.
To determine whether mutants were delayed in the activation of EBV DNA replication, wild-type ZEBRA and the mu- Even at 96 h, the latest time after transfection, Z(K188A) did not detectably induce sVCA (Fig. 10A) . A faint signal of lytic viral DNA replication was observed 96 h after the transfection of the Z(K188A) mutant; this signal was less intense than that observed 48 h after the transfection of wild-type ZEBRA (Fig.  10B) . Similarly, EBV genome amplification, as detectable with the BamHI W probe, was seen to increase between 48 and 96 h after the transfection of wild-type ZEBRA (Fig. 10C) ; however, only a slight amplification of EBV BamHI W was seen 96 h after the transfection of the Z(K188A) mutant. Figure  10C demonstrates that the cells received slightly more of the mutant than the wild-type expression vector. Thus, whether in terms of dose-response results (Fig. 9 ) or the time course (Fig. 10) , the late mutants Z(Y180E) and Z(K188A) were markedly deficient at activating lytic viral DNA replication.
Summary of phenotypes of point mutants that altered the charge of residues in the basic domain of ZEBRA protein. The basic DNA recognition domain of ZEBRA consists of 17 amino acids (Fig. 11A) . Nine of them are basic, and none of them are acidic. A single acidic substitution at any one of the 9 basic amino acids destroyed DNA binding and the capacity of the mutant ZEBRA protein to activate lytic gene expression. Conservative substitutions in basic residues in three mutants, the R183K, R187K, and K188R proteins, did not affect DNA binding. Two of these conservative basic-amino-acid-substitution mutants were wild type, but the R187K protein was a late mutant. Amino acid substitutions that altered the charge were installed at six nonbasic amino acids, Y180, N182, A185, S186, A191, and F193. Both acidic and basic substitutions at positions N182 and S186 destroyed the capacity to bind DNA. A basic substitution in the A185K mutant also destroyed DNA binding. In the Y180E and F193E mutants, an acidic substitution did not impair DNA binding or the activation of early gene expression, but both mutants were defective in late gene expression. A basic substitution was tolerated in the A191K mutant, which behaved like the wild type. Eleven of 19 mutants that lost the capacity to bind DNA (Table 1 ) did so as the result of substitution of a negatively charged amino acid for a basic one. Six nonbinding mutants resulted from acidic or basic substitutions at position S186 or N182. The other two nonbinding mutants were the A185K and R190A mutants.
Phenotypes of alanine or valine substitutions. Fifteen of the 17 residues in the DNA recognition domain of ZEBRA were changed to alanine. The two remaining residues in this region, which are already alanine, were mutated to valine. The effects of these alterations were markedly different from the effects of introducing a charged substitution (compare Fig. 11A with B) . At 12 of 17 positions, DNA binding activity was maintained at wild-type levels in the alanine substitution mutants. Alanine substitutions were tolerated in DNA binding at six of nine basic amino acids and six of eight nonbasic amino acids. However, at five positions, an alanine or valine substitution weakened or eliminated binding to a ZIIIB site. The R190A mutant lost DNA binding and three mutants, the R183A, A185V, and C189A proteins, were markedly impaired in binding DNA; all four mutants were defective at activating downstream lytic cycle genes. The K181A protein, which was moderately impaired in binding ZIIIB, failed to activate Rta. Of the 12 alanine or valine substitution mutants with intact competence to bind DNA, 5 were wild type, 1 was defective at activating Rta, 2 were early mutants, and 4 were late mutants.
DISCUSSION
DNA binding by ZEBRA. Considerable new information about the interaction of ZEBRA with DNA was revealed by making a large number of mutations that either altered the charge of amino acids or substituted alanine or valine in the basic domain. Changing any single basic amino acid to an acidic residue, from arginine or lysine to either glutamate or aspartate, abolished DNA binding (Fig. 11A) . Therefore, each of the individual basic residues seems to be required to contact DNA possibly via an electrostatic interaction with the negatively charged phosphate backbone. Seven of nine basic resi- dues are likely to make essential, but nonspecific, contacts with DNA since at these positions, substitution of alanine did not destroy DNA binding (Fig. 11B) . At two positions, N182 and S186, neither basic nor acidic substitutions were tolerated. This result suggests that both N182 and S186 may play some specific role in binding to DNA or may alter the DNA binding behavior of other amino acids. However, alanine substitution at these two positions maintained the protein's ability to bind a ZIIIB site. Alanine substitutions at three positions, R183, C189, and R190, markedly reduced or abolished the ability of ZEBRA to bind ZIIIB DNA, as did an alanine-to-valine substitution at position A185 (Fig. 1B and 2A) . We hypothesize that these four residues of ZEBRA are likely to be required to make specific contacts with DNA bases. When the amino acids of c-Jun and c-Fos that are known to make specific contacts with DNA in the crystal structure of a heterodimer of c-Jun and c-Fos bound to an AP-1 site are compared with the four amino acids of ZEBRA proteins in which an alanine or valine substitution impairs DNA binding, it can be seen that ZEBRA A185, C189, and R190 are colinear with the amino acids of c-Fos/c-Jun that contact DNA. R183 of ZEBRA is not colinear with any amino acid of c-Fos/c-Jun that was found to contact DNA. However, the amino acid colinear with Z(R183) is also an arginine or lysine in c-Jun/c-Fos.
Our conclusions about the importance of residue C189 in contacting DNA is supported by a recent report showing that the mutant Z(C189S) is impaired in binding the ZIIIB site and is unable to activate the reporter ZIIIB/CAT (9, 56) . However, another recent study finds that the Z(C189S) mutant is not significantly altered for DNA binding activity in vitro or in vivo (65) . It is likely that individual residues in the basic domain of ZEBRA play specific roles in contacting individual ZREs. For example, the mutant Z(S186A) is relatively deficient in binding to ZRE-R and ZIIIA, two ZREs in Rp, even though the same mutant is unimpaired in binding to ZIIIB and enhanced in binding to an AP-1 site (28) . Testing this prediction will require examination of the crystal structures of individual mutant ZEBRA proteins binding to an array of ZEBRA response elements.
Implications of the recently solved crystal structure of ZEBRA bound to an AP-1 site for our observations of the DNA binding phenotypes of basic domain mutations. The structure of ZEBRA amino acids 175 to 236 bound to 19 base pairs of DNA containing an AP-1 site and flanking sequences from the promoter of the BMLF1 gene was recently published while our manuscript was in the final stages of preparation (50) . The truncated ZEBRA protein used to determine this structure contained two mutations, S186A and C189S. An essential feature of the structure is that two long alpha helix monomers, one from R179 to M221 and the other from L175 to M221, dimerize and contact both strands of DNA. Two main features of the contacts of amino acids in the basic domain of ZEBRA with DNA were evident ( Fig. 12A) : eight of the nine arginines and lysines in the basic domain contacted the phosphate backbone of the DNA. The ninth basic amino acid, K178, was not shown to contact DNA. Four amino acids, N182, A185, S186A, and R190, contacted bases. The phosphate backbone was contacted at seven consecutive positions, from ϩ 2/ϩ1 to Ϫ5/Ϫ6 relative to C or G at the center of the AP-1 site, TGACTCA. Thus, ZEBRA forms contacts not only with the AP-1 site itself but with DNA flanking the specific binding site. N182 from each monomer contacted T at position Ϫ3 on one strand and C at position ϩ2 on the other strand. S186A of each monomer made contacts with T at position ϩ1 of each strand. R190 contacted C or G in the center of the AP-1 site, position 0. A185 contacted both the phosphate backbone and T at position Ϫ3. This structure validates a number of our functional observations about the phenotypes of mutations in the basic domain of ZEBRA. Our conclusions about the importance of contacts of arginines and lysines with the negatively charged phosphate backbone of the ZIIIB site was evident from the deleterious effects of changing any one of the basic amino acids to a negatively charged one (Fig. 11A) . Since the mutations A185V and R190A markedly weakened or destroyed binding to DNA (Fig. 11B) , we postulated, in agreement with the structure, that these two amino acids contacted bases in the DNA (Fig. 12B) . It is notable that A185 and R190, residues that we deem essential, contact DNA bases at positions that are invariant in the ZRE consensus, T at Ϫ3 and C/G at position 0, respectively.
Our experiments allow the formulation of additional hypotheses about the interactions of ZEBRA with the phosphate backbone that were not evident from the structure. The contacts of six of nine basic amino acids with the phosphate backbone are either redundant or specific for the AP-1 site. We found that single alanine substitutions at positions K178, R179, R187, K188, K192, and K194 were tolerated in binding to ZIIIB DNA. However, since the structure shows a series of seven consecutive backbone contacts, it is likely that multiple alanine substitutions in basic amino acids impair DNA binding. We find that the K178D and K178E mutants are unable to bind DNA. Residue K178 would not contact the AP-1 site or any other ZRE itself but may be important in interacting with flanking DNA. R183 in the structure makes contacts with the phosphate backbone between DNA residues 0 and ϩ1. These phosphate contacts may be essential for all ZREs since the R183A mutation nearly eliminates binding to ZIIIB, the highest-affinity site (Fig. 1A) .
Our data also indicate similarities and differences from the crystal structure in the putative contacts of individual amino acids of ZEBRA with DNA bases. The role of residues C189 and S186 cannot be definitively determined from the structure since substitution mutants at these positions were used to crystallize the protein. The importance of C189 is evident from our results showing that C189A markedly decreased binding to ZIIIB (Fig. 1A) . Contacts of S186 with DNA are obviously dependent on the individual ZRE site and its methylation status (7, 8, 28) . The contacts of S186A with T at position ϩ1 of the AP-1 site in the structure is consistent with earlier observations that this mutant is enhanced in binding to an AP-1 site (29) . The S186A and C189S mutations might also change the conformation of the protein. Such conformational alterations might affect not only contacts of the mutated residues with DNA but also the contacts of other residues in the basic domain (18) .
Our results do not confirm the essential nature of N182. We find that the N182A mutant binds ZIIIB normally (not shown) and is capable of activating early and late lytic gene expression. Yet in the crystal structure with the AP-1 site, N182 was found to contact two bases on each strand of the DNA. This result suggests that the amino acids of ZEBRA that contact DNA will differ, depending on the DNA site studied. The contacts of N182 with the AP-1 site may not be crucial in disrupting la- tency since ZEBRA/c-Fos chimeras, which bound strongly to both heptamer and octamer AP-1-like sites, did not activate the lytic cycle (36) . Figure 12 compares the contacts between ZEBRA amino acids in the basic domain evident from the crystal sructure and those predicted from our mutagenesis study. There are many consistencies. Differences are likely to result from the DNA sequences used for the crystal and those used for DNA binding studies with the mutants.
Variations in supershifts by monoclonal antibody and the solubility of ZEBRA mutants. We studied the interactions between ZEBRA and DNA using extracts of mammalian cells rather than purified ZEBRA protein, because it was likely that in mammalian cells the protein would be properly folded and (Table 1) . ϩ, positive; Ϫ, negative; W, weak. Data are given for 38 mutants. Eight mutants that are listed in Table 1 but not included in this figure include five with substitutions at S186 and three with conservative changes, R183K, R187K, and K188R. modified. Therefore, it was essential that the identity of the DNA-protein complexes be confirmed by use of specific antibodies to ZEBRA. A surprising result (Fig. 1A and C) was that some ZEBRA mutants formed a complex with DNA that could not be supershifted by the BZ1 monoclonal antibody. We initially hypothesized that these mutants had undergone a conformational change that masked the epitope recognized by the BZ1 MAb. Therefore, it became imperative to map this epitope precisely. In previous work, the epitope had been mapped to the carboxy end of the protein downstream of aa 197 (67) . Using two different techniques, peptide inhibition of supershifting and ELISA, the epitope recognized by the BZ1 MAb to ZEBRA was mapped to amino acids 214 to 230, a region distant from the sites of the point mutations (aa 178 to (20, 50) . When tested by immunoblotting, the BZ1 MAb was not impaired in its ability to recognize the same ZEBRA proteins that it failed to supershift (Fig. 1B and C and 2C) . Moreover, the abundances of wild-type and mutant ZEBRA proteins identified by immunoblotting of total SDS cell extracts were similar whether assayed with polyclonal antibody to ZEBRA (Fig. 4, 6 , 7, and 8) or with the BZ1 MAb (data not shown). These results made it less likely that the failure of BZ1 MAb to supershift some ZEBRA mutants was solely the result of a conformational change of the mutant proteins that obscured the epitope. A more likely explanation was revealed when the contents of wild-type and mutant ZEBRA proteins present in cell extracts used for EMSA were compared (Fig. 1B and D  and 2A) . Mutants of ZEBRA that were competent to bind DNA but could not be supershifted, such as the A191V and K192A proteins, were present in greater abundance in these cell extracts than mutants such as the A191K and F193A proteins, which could be supershifted (compare Fig. 1C and D) . Moreover, the capacity of the monoclonal antibody to supershift ZEBRA was exquisitely sensitive to the amount of ZEBRA protein in the cell extract (Fig. 2B) . It is likely that large amounts of mutant ZEBRA protein present in cell extracts saturate the monoclonal antibody.
Our subsequent investigations of this phenomenon suggest that there exists a correlation between the relative solubility of mutant ZEBRA proteins in EMSA cell extracts and the phenotype of the protein (unpublished data). Solubility in different concentrations of NaCl may be a surrogate marker for other properties of the protein, such as localization in nuclear subcompartments or association with macromolecular complexes.
Activation of Rta by ZEBRA. Both ZEBRA and Rta are required for activation of the full EBV lytic cycle (22) . Therefore, the capacity of ZEBRA to activate Rta expression is an indispensable component of its mechanism of action. We could distinguish at least three different types of ZEBRA mutants that were unable to activate the expression of Rta. The first large group consisted of all those mutants that were unable to bind DNA (Table 1) . Second were three mutants, the R183A, A185V, and C189A mutants, that were markedly weakened in binding to the high-affinity ZIIIB site (Fig. 1A) . One mutant, the K181A protein, was moderately impaired in binding a ZIIIB site (Fig. 1) and activated lower levels of BRLF1 mRNA (Fig. 5 ) and Rta protein (Fig. 7) than the wild type. These two groups of mutants indicate that efficient DNA binding is obligatory for activating the expression of Rta. Third, all substitutions at position S186, with the exception of S186T, failed to activate Rta (Fig. 5C and D) . Thus, S186 is specifically involved in activating Rta.
Previous studies have implicated at least four different defects in explaining the phenotype of the Z(S186A) mutant, namely, impaired binding to ZREs in Rp, lack of binding to methylated ZREs, the absence of phosphorylation, and alterations in conformation. We show that this mutant is unable to activate Rta protein (Fig. 4C) or BRLF1 mRNA (Fig. 5A ) in BZKO cells, as we previously observed in Raji cells. Z(S186A) is defective at binding both methylated and unmethylated DNA, whereas Z(S186T) is competent to bind methylated but not demethylated DNA (7) . In concordance with our results, others have reported that Z(S186D) does not bind DNA (7) . These data imply that the interaction of S186 with methylated ZRE2 DNA is a key component of the interaction with Rp and tightly linked to the capacity of ZEBRA to disrupt latency. However, DNA binding by Z(S186A) in vivo to Rp is not totally abrogated since this mutant binds to Rp when examined by chromatin immunoprecipitation (J. Countryman, unpublished data). What is not yet known is how efficiently ZEBRA must bind to Rp in vivo in order to activate BRLF1 expression. It is likely that the defect in Z(S186A) is not limited to binding Rp DNA since Rta does not rescue the capacity of this mutant to activate viral DNA replication (3) .
Our data emphasize the unique role played by position S186 in activating the BRLF1 gene. Only one other mutant, the K181A mutant, was competent to bind DNA, although with reduced activity, but was specifically deficient at activating the expression of BRLF1. However, unlike Z(S186A), the K181A mutant was not completely impaired in activating BRLF1 mRNA (Fig. 5) or Rta protein (Fig. 7) . Nonetheless, the K181A mutant was significantly defective at activating the expression of EA-D (Fig. 7) , and this defect could be remedied by concomitant overexpression of Rta (Fig. 7) . Rescue of EA-D activation by Rta suggests either that the K181A mutant does not cause Rta to be expressed at optimal levels or that higher levels of Rta are needed for synergy with the K181A mutant. Further studies of K181A are needed to determine whether it has a defect in binding to specific ZREs in Rp, in accessing Rp in vivo, or in synergizing with Rta.
Mutants defective at activating EA-D. All ZEBRA mutants that were weak in activating Rta were also impaired in activation of all the downstream events in the lytic cycle. This finding provides further genetic evidence for the essential role played by both proteins in activating the full lytic cascade. Three mutants, those with the R179A, S186T, and K192A mutations, were specifically deficient at activating the expression of EA-D protein ( Fig. 7 ; Table 2 ). These mutants were competent to induce the expression of BRLF1 mRNA and Rta protein, albeit at levels slightly reduced from wild-type levels ( Fig. 5A  and 7 ). They were also competent to activate low levels of BMRF1 mRNA (Fig. 5B) . Further work is needed to define the mechanism of the defect in early gene activation of this group of mutants.
The defect in Z(K192A) can be rescued by overexpression of Rta (Fig. 7B) . Rescue by Rta overexpression suggests that Z(K192A) by itself activates levels of Rta that are suboptimal for synergy on the BMFR1 promoter. By contrast, coexpression of Rta and Z(R179A) does not result in an increase in the total amount of EA-D, a finding that raises the possibility that Z(R179A) is defective in synergy with Rta. However, Z(R179A) reproducibly suppresses the expression of Rta expressed from a vector with a simian virus 40 promoter (Fig. 7B  and D) . This finding raises the possibility that Z(R179A) can exert a dominant negative effect on a cell transcription factor that drives the simian virus 40 promoter. Similarly, Rta overexpression does not enhance EA-D protein level induced by Z(S186T) (Fig. 7D) . However, the level of phosphorylated EA-D is more prominent following the transfection of the combination of Z(S186T) and Rta than following the transfection of Z(S186T) alone (Fig. 7D) . Z(S186T) may be deficient in activating the viral and cellular kinases that phosphorylate EA-D (14, 31) .
Two of the "early" mutants, Z(S186T) and Z(K192A), and the weak DNA binding mutant Z(C189A) activate levels of BMRF1 mRNA that appear relatively less reduced than the amount of EA-D protein (Fig. 5) . This observation raises the possibility that specific amino acids of ZEBRA may play a role, directly or indirectly, in the translation of BMRF1 mRNA.
Mutants defective in late gene expression and DNA replication. We identified an important class of ZEBRA basic domain mutants that are specifically defective at activating the expression of late proteins but are not significantly impaired in the activation of Rta or early genes (Fig. 8 to 10 ). Seven mutants, involving five positions in the basic domain, are members of this class ( Table 1) . Three of the late mutants (the Y180A, Y180E, and K188A mutants) were shown to be defective at inducing the amplification of EBV DNA (Fig. 8 to 10 ). The other four late mutants are under investigation.
Two other recently described ZEBRA mutants may belong to the class with the phenotype of a specific defect in activating viral late genes. The mutant Z(S173A), which affects phosphorylation by CK2 of a residue in the regulatory domain, is defective at activating EB viral DNA replication but unimpaired in its ability to activate the transcription of viral early genes (19, 37 ; data not shown). The mutant Z(C189S) is also defective at activating EBV DNA replication (56, 65) . Wang et al. do not identify any defect in the capacity of Z(C189S) to activate Rta or viral early gene expression (65) . However, Schelcher et al. demonstrate that Z(C189S) is markedly impaired in activating the expression of the mRNAs of two early genes, BMRF1 and BMLF1 in BZKO cells (56) . Thus, the current published observations are conflicting about whether Z(C189S) should be classified as an early or late mutant.
We have begun to investigate several hypotheses to explain the late phenotype. One possibility is that they are defective in the activation of the expression of a viral early gene whose product is essential for lytic DNA replication. We have found that all late mutants described in this study are wild type in their capacity to activate the expression of BALF2, the gene encoding the single-stranded DNA binding protein (data not shown). The late mutants may be defective at binding to oriLyt DNA or impaired in their capacity to recruit viral or cellular replication proteins to oriLyt. Several late mutants have been found to be considerably more soluble than the wild type in 0.3 M NaCl. The late mutants may have a defect in subnuclear localization, and they may be unable to access sites where lytic viral DNA replication occurs.
Conclusions. This extensive survey of the effect of point mutations in the basic domain on the phenotype of ZEBRA allows many general conclusions. DNA binding by ZEBRA is required for EBV lytic cycle activation. ZEBRA mutants that are defective at binding to DNA do not active Rta or downstream lytic gene expression. Weak DNA binders, such as the R183A, A185V, and C189A mutants, only weakly activate Rta and downstream events. Thus, a key component of the requirement for binding DNA is the activation of Rta expression. Among the ZEBRA residues that are likely to make specific contacts with bases in DNA are R183, A185, C189, and R190. The remaining basic amino acids are likely to be needed for interactions with the phosphate backbone of DNA. Different amino acids of ZEBRA may contact bases in different ZEBRA response elements. Position S186 appears to play an essential role in the activation of Rta expression, and position K181 may also be critical in Rta activation. Two novel classes of mutants were discovered, namely, early mutants, such as the R179A and K192 mutants, which are competent in activating Rta but do not activate the BMRF1 early gene, and late mutants, such as the Y180E and K188A mutants, which activate early genes but are defective at activating lytic DNA replication and late genes. This collection of mutants should prove useful in dissecting the mechanisms underlying the numerous functions of the EBV ZEBRA protein.
